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The increase in the resistivity with decreasing temperature followed by a drop by more than one
order of magnitude is observed on the metallic side near the zero-magnetic-field metal-insulator
transition in a strongly interacting two-dimensional electron system in ultra-clean SiGe/Si/SiGe
quantum wells. We find that the temperature Tmax, at which the resistivity exhibits a maximum,
is close to the renormalized Fermi temperature, in agreement with the dynamical mean-field the-
ory. However, rather than increasing along with the Fermi temperature, the value Tmax decreases
appreciably for spinless electrons in spin-polarizing magnetic fields, which is in contradiction with
the theory in its current form. Remarkably, the characteristic scaling of the resistivity, predicted by
the theory, holds in both spin-unpolarized and completely spin-polarized systems.
PACS numbers: 71.10.-w, 71.27.+a, 71.30.+h
The zero-magnetic-field metal-insulator transition has
been reported in a number of strongly-correlated two-
dimensional (2D) electron systems in semiconductors [1–
9] (for a recent review, see Ref. [10]), in quasi-2D organic
charge-transfer salts (Mott organics) [11], as well as in
2D transition metal dichalcogenides [12–14]. The hall-
mark of the low-temperature resistivity ρ on the metal-
lic side near the metal-insulator transition is a non-
monotonic ρ(T ): when the temperature is decreased, the
resistivity first increases, reaching a maximum at a tem-
perature Tmax, and then drops at lower temperatures.
The strength of such a resistivity drop varies from sys-
tem to system, reaching a 12-fold value in ultra-pure
SiGe/Si/SiGe quantum wells [9]. From the theoretical
standpoint, the Wigner-Mott scenario and the associated
dynamical mean-field theory (DMFT) approach [15–17],
which view the strong electron-electron interactions as
the main driving force for the MIT, have been remark-
ably successful in providing a quantitative description of
the low-temperature resistivity drop in all these systems,
especially in SiGe/Si/SiGe quantum wells [18]. The ex-
perimental ratio (ρ(T )−ρ(0))/(ρ(Tmax)−ρ(0)) has been
found to be a universal function of T/Tmax, which is con-
sistent with the DMFT. According to this theory, Tmax
corresponds to the quasiparticle coherence temperature,
which is of the order of the Fermi temperature TF de-
termined by the effective electron mass renormalized by
interactions: Tmax ∼ TF. Below this temperature, the
elastic electron-electron scattering corresponds to coher-
ent transport, while at higher temperatures, the inelas-
tic electron-electron scattering becomes strong and gives
rise to a fully incoherent transport. Notably, similar be-
havior of the resistivity ρ(T ) can be expected within the
screening theory in its general form (for more on this, see
Ref. [18]).
The existence of the metallic state in strongly inter-
acting 2D electron systems is intimately related to the
existence of spin and valley degrees of freedom [19–22].
If the electron spins become completely polarized by a
magnetic field B∗ parallel to the 2D plane, the spin de-
generacy that determines the Fermi energy changes to
gs = 1, corresponding to spinless electrons. Recent work
has established that the ultra-clean 2D electron system
in SiGe/Si/SiGe quantum wells still exhibits a metal-
insulator transition even at B = B∗ that is attributed
to the existence of two distinct valleys in its spectrum
[23]. In contrast, in more disordered silicon metal-oxide-
semiconductor field-effect transistors (MOSFETs), the
irregularities of the interface lead to a finite interval-
ley scattering rate 1/τ⊥ that mixes the two valleys ef-
fectively producing a single valley at low temperatures












































FIG. 1: Non-monotonic temperature dependences of the re-
sistivity of the 2D electron system in SiGe/Si/SiGe quantum
wells on the metallic side near the metal-insulator transition
(a) in B = 0 and (b) in B = B∗; the magnetic fields used are
spanned in the range between approximately 1 and 2 T. The
electron densities are indicated in units of 1010 cm−2.
the resistivity in B = B∗ is quenched, and the method of
sign change of the derivative dρ/dT at lowest accessible
temperatures does not at all yield a critical density for
spinless electrons [25]. Since the alternative criterion of
vanishing activation energy and nonlinearity of current-
voltage characteristics on the insulating side (as well as
the method of noise measurements [26]) holds, this leaves
uncertain the existence of a metal-insulator transition in
this system [27].
In this paper, we report studies of the non-monotonic
temperature dependence of the resistivity on the metal-
lic side near the metal-insulator transition in a strongly
interacting, spin-unpolarized (gs = 2) as well as fully
spin-polarized (or spinless, gs = 1) bi-valley 2D electron








































FIG. 2: Tmax as a function of electron density in B = 0
(circles) and in B = B∗ (squares). Solid lines are linear fits.
Critical electron densities for the metal-insulator transition
nc = 0.88×10
10 cm−2 inB = 0 and 1.1×1010 cm−2 in B = B∗
are indicated. Dashed lines show the Fermi temperatures in
B = 0 and B = B∗ calculated using the value of B∗ from
Ref. [32] and Eq. (1), see text.
find that in zero magnetic field, the temperature Tmax,
at which the resistivity has a maximum, is close to the
renormalized Fermi temperature TF, which is in agree-
ment with the dynamical mean-field theory. However,
rather than increasing along with the Fermi temperature,
the value Tmax decreases appreciably for spinless elec-
trons in spin-polarizing magnetic fields, which is in con-
tradiction with the theory. A scaling analysis of ρ(T ) in
the spinless electron system in the spirit of DMFT shows
that the low-temperature resistivity drop is described by
the theory, similar to the case of the spin-unpolarized
electron system. The reason for the discrepancy in the
behavior of Tmax when lifting the spin degeneracy with
the predictions of DMFT in its current form in which
the degrees of freedom do not enter explicitly [15–17] is
unclear and warrants further studies.
The samples we used were ultra-high mobility
SiGe/Si/SiGe quantum wells. The peak electron mobil-
ity in these samples reaches 240 m2/Vs. The approxi-
mately 15 nm wide silicon (001) quantum well was sand-
wiched between Si0.8Ge0.2 potential barriers. The sam-
ples were patterned in Hall-bar shapes with the distance
between the potential probes of 150 µm and width of
50 µm using standard photo-lithography (for more de-
tails, see Refs. [28, 29]). Measurements were carried out
in an Oxford TLM-400 dilution refrigerator with a base
temperature of ≈ 25 mK. Data were taken by a standard
four-terminal lock-in technique in a frequency range 0.5–
11 Hz in the linear regime of response.















































FIG. 3: The ratio δρ/δρmax plotted as a function of T/Tmax
(a) in B = 0 and (b) in B = B∗. The dashed lines are the
results of DMFT in the weak-disorder limit [15–17]. The elec-
tron densities are indicated in units of 1010 cm−2. The inset
in (b) shows the analysis based on the scaling form suggested
by the renormalization-group scaling theory [21, 22].
ture are shown at zero magnetic field (gs = 2) in Fig. 1(a)
and at B = B∗ (gs = 1) in Fig. 1(b). In zero magnetic
field, the ρ(T ) curves are non-monotonic with the max-
ima at density-dependent temperatures Tmax(0) over a
wide range of electron densities ns; below Tmax(0), the re-
sistivity drops sharply with decreasing temperature. At
B = B∗, the ρ(T ) curves are non-monotonic in a nar-
rower range of electron densities, and the resistivity drop
below Tmax(B
∗) weakens. The values of B∗ are density-
dependent and have been determined by the saturation
of the ρ(B) dependences, which corresponds to the lifting
of the spin degeneracy [30, 31]. Magnetic fields used in
our experiments were within the range between approxi-
mately 1 and 2 T. The measurements were restricted to
0.5 K because this was the highest temperature at which
the complete spin polarization could still be achieved; the
restriction is likely to reflect the degeneracy condition for
the dilute electron system with low Fermi energy.
These data allow us to plot the values of Tmax as a func-
tion of the electron density. The dependences are shown
in Fig. 2 by symbols. The data for Tmax(B
∗) lie signif-
icantly lower than those for Tmax(0). Interestingly, each
dependence can be described by a linear function that
extrapolates to zero at ns close to nc(0) or nc(B
∗), and
the slopes of both dependences are close to each other.
We also plot the calculated values of renormalized Fermi
temperatures TF for both cases. In zero magnetic field,
the density dependences of the resistivity maximum tem-
perature Tmax(0) and the Fermi temperature TF(0) are
close to each other in the electron density range where
they overlap. This is consistent with the predictions of
the dynamical mean-field theory. However, there is a
qualitative difference between the behavior of Tmax and
that of TF when lifting the spin degeneracy. Rather than
increasing along with the Fermi temperature, the value
Tmax decreases when polarizing electron spins, which is
in contradiction with the theory.
The Fermi temperature TF(B
∗) has been calculated
from the value of B∗ measured in Ref. [32] in identical
samples, based on the equality of the Fermi energy of
completely spin-polarized electrons and the Zeeman en-







where kB is the Boltzmann constant, gv = 2 is the valley
degeneracy, m is the renormalized energy-averaged effec-
tive mass that is determined by the density of states,
gF ≈ g0 = 2 is the g-factor at the Fermi level, g0 is
the g-factor in bulk silicon, and µB is the Bohr mag-
neton. We argue that the Fermi temperature TF(0) of
spin-unpolarized electrons is approximately half of the
Fermi temperature TF(B
∗) of completely spin-polarized
ones. Indeed, it was experimentally shown in Ref. [33]
that the electron spin magnetization is proportional to
the parallel magnetic field in the range up to B = B∗
for the clean, strongly interacting 2D electron system in
Si MOSFETs that is similar to the 2D electron system
in SiGe/Si/SiGe quantum wells. Taking into account the
smallness of the exchange effects in the 2D electron sys-
tem in silicon and the approximate constancy of the g-
factor that is close to g0 = 2 at low densities [27, 32, 34],
this indicates that the renormalized density of states in a
spin subband is approximately constant below the Fermi
level, independent of the magnetic field. Therefore, the
change of TF when lifting the spin degeneracy should be
controlled by the change of gs. As concerns the band flat-
tening corresponding to a peak in the density of states
at the Fermi level, observed in the 2D electron system
in SiGe/Si/SiGe quantum wells, the Fermi energy is not
particularly sensitive to this flattening, at least, not too
close to the critical point [32]. So, one expects that the
relation TF(0) ≈ TF(B
∗)/2 holds for the data in ques-
tion. We stress that its accuracy is not crucial for our
4
qualitative results.
In Fig. 3, we plot the ratio δρ/δρmax = (ρ(T ) −
ρ(0))/(ρ(Tmax) − ρ(0)) as a function of T/Tmax in zero
magnetic field and in B = B∗ so as to check the appli-
cability of the DMFT for both cases. The data in B = 0
scale perfectly in a wide range of electron densities and
are described well by the theory in the weak-disorder
limit; deviations from the theoretical curve become pro-
nounced for T > Tmax at low electron densities, similar
to the results of Ref. [18]. The curve for the highest elec-
tron density in B = B∗ follows the theoretical depen-
dence at all temperatures. Two other curves for lower
electron densities in B = B∗ also follow the theoretical
dependence at T ≤ Tmax but deviate from the theory
at higher temperatures, revealing the behavior similar to
that observed at low ns in B = 0. Albeit the density
range of the applicability of DMFT to the completely
spin-polarized system is not as wide as that in B = 0,
the low-temperature resistivity drop is described by the
theory, similar to the case of the spin-unpolarized elec-
tron system.
For completeness, in the inset to Fig. 3(b) we plot
the ratio ρ/ρmax in the fully spin-polarized system as
a function of ρmax(e
2/πh) ln(T/Tmax), which is the scal-
ing form suggested by the renormalization-group scaling
theory [21, 22]. The data do not scale in the range of
electron densities studied. For comparison, in B = 0,
the ρ(T ) data follow the predicted theoretical dependence
[21, 22] in a modest range of electron densities, according
to Ref. [18]. This is not particularly surprising because
the renormalization-group scaling theory holds only in
the immediate vicinity of the metal-insulator transition
for the resistivities low compared to πh/e2. Within this
theory, the resistivity reaches maximum at a temperature
Tmax well below the Fermi temperature TF, when the
electron-electron interactions become strong enough to
overcome the quantum localization. In a spin-polarized
two-valley electron system, this should happen at much
lower temperatures compared to the case of B = 0. In
principle, such behavior of Tmax is in agreement with our
data.
The dynamical mean-field theory successfully describes
the closeness of the resistivity maximum temperature
Tmax and the renormalized Fermi temperature TF in zero
magnetic field, as well as the resistivity drop at tem-
peratures below Tmax in both spin-unpolarized and fully
spin-polarized electron systems. However, the observed
decrease of Tmax when lifting the spin degeneracy is op-
posite to the predictions of DMFT in its current form in
which the degrees of freedom do not enter explicitly [15–
17]. The reason for the discrepancy remains to be seen.
Note that in the renormalization-group scaling theory, a
decrease in Tmax when lifting the spin degeneracy is pre-
dicted, although Tmax is well below TF and there is no
correspondence between these two.
It is worth noting that the suppression of the metal-
lic regime and the increase of the transition point when
lifting the spin degeneracy in a strongly correlated 2D
electron system (see, e.g., Fig. 2, as well as earlier ex-
perimental data [25, 26, 35, 36]) are explained taking
account of the degrees of freedom, according to theories
[19–22, 37, 38]. Similarly, within the DMFT, the critical
density is predicted to increase in spin-polarizing mag-
netic fields [15].
It is easy to see that the increase of the disorder po-
tential in spin-polarizing magnetic fields, manifested in
the metallic regime by the resistivity increase by a factor
of a few (see, e.g., Ref. [10]), cannot be the origin for
the weakening of the resistivity drop at temperatures be-
low Tmax and the shift of the maximum in ρ(T ) to lower
temperatures in the spinless electron system compared to
the case of zero magnetic field. Indeed, in Si MOSFETs,
where the electron mobility is some two orders of mag-
nitude lower than that in SiGe/Si/SiGe quantum wells
studied here, the resistivity drop at T < Tmax in zero
magnetic field reaches a factor of 7, which is comparable
to that in our samples. Also, in Si MOSFETs, the po-
sitions of the ρ(T ) maxima in B = 0 closely follow the
Fermi temperatures [16, 17]. Therefore, the increase of
the disorder potential in spin-polarizing magnetic fields
is not significant for our results.
In conclusion, we have studied the non-monotonic tem-
perature dependence of the resistivity on the metallic side
near the metal-insulator transition in a strongly inter-
acting, spin-unpolarized and spinless two-valley 2D elec-
tron system in ultra-clean SiGe/Si/SiGe quantum wells.
We have found that in zero magnetic field, the resistiv-
ity maximum temperature Tmax is close to the renor-
malized Fermi temperature TF, which is in agreement
with the dynamical mean-field theory. However, rather
than increasing along with the Fermi temperature, the
value Tmax decreases appreciably for spinless electrons
in spin-polarizing magnetic fields, which is in contra-
diction with the theory. The DMFT quantitatively de-
scribes the low-temperature resistivity drop in both spin-
unpolarized and spinless electron systems. The reason
for the discrepancy in the behavior of Tmax when lifting
the spin degeneracy with the predictions of DMFT in its
current form is unclear and warrants further studies.
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